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W
IND power generation based on the doubly-fed induction generator (DFIG) has gained increasing popularity due to several advantages, including smaller converters rating around 30% of the generator rating, variable speed and fourquadrant active and reactive power operation capabilities, lower converter cost, and power losses compared with the fixed-speed induction generators or synchronous generators with full-sized converters [1] , [2] . Several novel control strategies have been investigated in order to improve the DFIG operation performance, i.e., the vector oriented control (VOC) [3] , direct power control [4] , and predictive current control [5] .
Up to now, the steady and transient response of DFIG-based wind power generation system under balanced [6] and unbalanced [7] - [11] grid voltage conditions have been discussed widely. There are mainly two control methods adopted, VOC, and direct power control (DPC). The authors in [7] - [9] introduced the unbalanced control strategy with the VOC technique, in which the detrimental influence on the DFIG system caused by negative component of the grid voltage was also analyzed. Several alternative control targets focusing on the elimination of negative component of stator/rotor current, as well as stator active/reactive power and electromagnetic torque pulsation were proposed. Zhou et al. [10] , [11] explicitly illustrated the unbalanced control strategy using the DPC technique with different stator power compensation item, in which the five different control targets were proposed to improve the DFIG operation ability under transient unbalanced grid voltage.
However, there are always voltage harmonic distorted components in the transmission system of the power grid. It has been pointed out that the highly distorted stator/rotor current, significant electromagnetic torque and power oscillations would occur if grid voltage harmonics are not taken into account by DFIG's control strategy [12] . The authors in [13] - [16] have presented a theoretical analysis and an improved VOC strategy for DFIG, in which alternative control targets were proposed to keep the three-phase sinusoidal stator/rotor current, or remove pulsations in both stator active and reactive powers, or remove pulsations in the electromagnetic torque and stator reactive power. Furthermore, in addition to the conventional rotor current control loop, a distinctive and independent stator current resonant control loop was also given out in [17] to successfully eliminate the stator current harmonic components.
Nevertheless, all the aforementioned investigation on the DFIG system under the harmonic voltage is based on the VOC technique, which requires the decomposition of grid voltage fundamental and harmonic components; thus, the closed-loop operation stability and dynamic response of the entire control system will be deteriorated [10] , [11] . The DPC technique has been proved to be preponderant for DFIG control, such as simple implementation, fast dynamic response, robustness against parameter variations, and grid disturbance [18] , [19] . In order to overcome the traditional DPC drawback of variable switching frequency, the DPC integrated with space vector modulation (DPC-SVM) has been adopted to decrease the broadband harmonics injecting into the grid and simplify the filter design [20] .
For the purpose of achieving excellent DFIG system performance with DPC strategy under harmonically distorted grid conditions, it is important to implement the accurate control of stator active and reactive power. Several regulators are capable of accurately tracking the actual signal according to the reference one, i.e., hysteresis regulator [3] , proportional-resonant (PR) [21] - [25] regulator in stationary frame; traditional PI regulator [21] , [22] , proportional integral resonant (PIR) regulator [13] - [15] , [21] , [22] , [26] , vector PI (VPI) regulator [21] , [22] in the synchronous frame.
Under harmonically distorted grid conditions, the DFIG would contain six times grid frequency pulsation item and an average item of stator active and reactive power. Therefore, PI regulator would not be appropriate due to the insufficient gain at the six times grid frequency. PIR regulator could achieve zero steady-state error, in which the PI and resonant part is used to deal with the average item and the pulsation item respectively. However, unexpected peak of magnitude response at the frequency larger than resonant 300 Hz may arise due to the pole distribution of control object DFIG, which is detrimental to the stable closed-loop operation [22] . Considering that it needs one specific resonant controller to deal with one specific harmonic sequence in the PR regulator, the control loop structure complexity would increase as the number of harmonic sequence increases, which is harmful to the stable closed-loop operation. The VPI regulator, based on pole-zero cancellation to avoid the unexpected gain peak [21] , [22] , can be used to remove the DFIG stator active and reactive power pulsation components due to the adequate closed-loop phase margin and accurate ac signal tracking capability. This paper investigates the DPC strategy of wind-turbine driven DFIG generation systems under distorted grid voltage conditions. First, the mathematical model of a DFIG system under fifth-and seventh-order harmonically distorted grid supply is briefly mentioned as a foundation. Considering that the wind power generation should focus on the energy quality injected into the grid, the stator active and reactive power without any oscillation is selected as the harmonic control target. Then, focused on the steady-state tracking accuracy, dynamic performance analysis, closed-loop operation stability, as well as the rejection capability of the grid voltage distorted component and back EMF compensation item, the performance analysis of the proposed DPC control strategy with VPI regulator is conducted. Finally, the experimental system on 1 kW laboratory DFIG has been built to validate the availability of the proposed DPC strategy using the VPI regulator.
II. MATHEMATICAL MODEL OF DFIG UNDER HARMONICALLY DISTORTED VOLTAGE
In order to investigate the DPC strategy, DFIG mathematical model under harmonically distorted grid condition should be established first. Under the harmonically distorted grid condition, grid voltage can be decomposed into fundamental frequency component and a series of harmonic frequency components. Considering that the fifth-and seventh-order sequences are the major harmonic components of the grid voltage [12] ; this paper would focus on the DPC strategy under these two harmonic components. Fig. 1 shows the relationship of the fundamental and harmonic sequence coordinate frames, in which (dq)
+ is rotated at the speed of +ω 1 , (dq) 5 − at the speed of -5ω 1 , (dq) 7− at the speed of 7ω 1 . ω 1 is the synchronous angular speed of the fundamental frequency grid voltage.
The equivalent circuit of DFIG in the (dq) + reference frame is shown in Fig. 2 
where ψ is the flux, I is the current, subscripts d, q represent components at the d, q axes, subscripts s, r represent stator and rotor components of DFIG, superscripts + represents the (dq) + reference frames rotating at the angular speed of +ω 1 . (1) and (2), the stator current and rotor current can be written as + reference frame can be expressed as
where U is the voltage, R s and R r are stator and rotor resistances, ω r is the rotor angular speed, and ω s = ω 1 -ω r is the slip angular speed. DFIG stator output instantaneous active and reactive powers can be expressed as
whereÎ + sdq is the conjugated space vector of I + sdq , P s , and Q s are stator active and reactive power.
When the d-axis of the synchronous reference frame is aligned with the stator voltage vector, the deferential of stator flux ψ + sdq will be zero. And assuming that the stator resistance is ignored, (5) can be written as
Substituting (6) and (8) into (7), the stator active and reactive powers can be yielded as
where
Therefore, the stator active power and reactive power can be written respectively as
Based on (10), the rotor flux can be shown as
Equation (6) can be separated into d-axis and q-axis component and rewritten as
Substituting (4) and (11a) 
into (12a), rotor voltage d-axis component in the (dq)
+ reference frame can be written as
The last item of (13) is an equivalent rotor back electromagnetic force which can be regarded as compensation item. Thus, the transfer function of stator output active power to the rotor voltage d-axis component can be expressed as
Similar mathematical deduction can be conducted to obtain the transfer function of stator output reactive power to rotor voltage q-axis component, which is shown as following:
Besides, based on (11), during a constant sampling time period T s , the deferential of rotor flux can be calculated as
where, P * s and Q * s are the stator active and reactive power references, respectively.
Substituting (11) and (15) into (12), and neglecting the rotor resistance, the rotor control reference voltage for the DFIG control based on DPC can be written as
where, C power is the proper stator power regulator to restrain the power regulation error.
Equation (16) gives out that the rotor control voltage consists of the stator active and reactive power regulator output V + rdq and the back electromagnetic force E + rdq . It would be essential to choose the proper regulator C power to achieve zero power tracking error under the distorted grid voltage.
Under the distorted grid voltage, the stator voltage contains not only fundamental, but also the fifth-and seventh-order harmonic components, which would produce the corresponding harmonic components in the stator current; therefore, the 300 Hz stator output active and reactive power pulsation will be produced as a consequence [13] - [15] .
For the sake of restraining the power pulsation item, the resonant regulator, which can be designed to have large control gain at the pulsation frequency (300 Hz), will be proposed for the DPC strategy of DFIG under the harmonic grid condition. Up to now, the PIR and VPI regulators [21] , [22] are available for DFIG control under distorted grid voltage conditions to regulate the average and pulsation power item simultaneously. Considering that the VPI regulator has the advantage of pole-zero cancellation to eliminate the unexpected peak in the closed-loop control response [22] and comparatively larger closed-loop operation phase margin (which would be proved in Section III), the VPI regulator is proposed for the power control of the DFIG under the harmonic voltage; thus, (16) can be modified as
Equation (17) indicates that both the average component and 300 Hz pulsation component of stator active and reactive power errors can be suppressed to zero, and consequently, the power pulsation can be eliminated when the constant active or reactive power references are given.
III. PERFORMANCE ANALYSIS OF THE DPC STRATEGY WITH A VPI REGULATOR
In order to achieve the smooth stator active and reactive power output under the distorted grid voltage, the DFIG steady and dynamic state performance, as well as the disturbance rejection capability of the proposed DPC strategy using the VPI regulator should be investigated. Moreover, as the conventional PIR regulator would cause the deterioration of closed-loop control phase margin and may cause instability operation [27] ; the closed-loop stability using the VPI regulator should also be discussed.
Based on (5), the stator flux in the (dq)
+ reference frame can be obtained as
If the stator resistance R s is neglected, (18) can be simplified as
According to (1) and (2), the rotor flux in the (dq) + reference frame can be expressed as
Based on (6) and (20) , the rotor voltage in the (dq) + reference frame can be deduced as
Therefore, based on (10), (19) , (20) , and (21), the proposed DPC scheme of the DFIG under the distorted grid voltage can be shown in Fig. 3 , in which it can be seen: 1) the back EMF item E + rd and E + rq of stator active power and reactive power can be found in (17); 2) the P s and Q s calculation and the VPI regulator output V + rdq can be found in (10) and (17)
Furthermore, the G p (s) and G k can be described as the mathematical model of DFIG, which can also be verified according to (14) .
The transfer function of VPI regulator can be defined as [21] , [22] 
where K p and K i are proportional and integral coefficient,respectively, for regulating the dc component, ω c is the resonant bandwidth, ω 0 is the resonant frequency. K pr and K ir are proportional and integral coefficient of VPI for regulating the harmonic components, in which K ir = K pr R r /σL r should be achieved based on the rule of pole-zero cancellation [22] . For the purpose of better investigating the proposed DPC strategy, it should be pointed out that K pr , K ir , and ω c are the only parameters of the VPI regulator that can be adjusted in the control loop, while the other parameters such as ω 0 and DFIG machine parameters are fixed. Usually, ω c should be selected about 10-20 rad/s to improve the resonant peak gain and the robust performance to the grid frequency variation, and K pr , K ir should be selected based on the rule of pole-zero cancellation to achieve the 30-50 dB peak gain at the resonant frequency to eliminate ac signal tracking error [23] - [26] . Fig. 4(a) shows the bode diagram of the VPI regulator with different resonant bandwidth ω c = 10, 15, 20 rad/s and same K pr = 1.0 (K ir = 157). The magnitude at the resonant frequency 300 Hz would be 45.9, 42.0, and 38.5 dB, which is large enough to minimize the control error. And the magnitude response at the frequency adjacent to the resonant frequency would remain almost constant regardless of ω c . Moreover, it should be pointed out that the VPI regulator phase response at 300 Hz would be phase leading of around 90
• , which is more beneficial to the control of the DFIG behaving as an inertia unit. Fig. 4(b) shows the bode diagram of the VPI regulator with different K pr = 0.5, 0.75, 1.0(K ir = 78.5, 117.75, 157) and same resonant bandwidth ω c = 15 rad/s. It can be seen that the magnitude at the resonant frequency 300 Hz would be 36.5, 39.2, and 42.0 dB. Nevertheless, the magnitude response at the adjacent frequency would become lower than the results in Fig. 4(a) , while the phase response remains constant regardless of ω c .
The magnitude and phase response at the resonant 300 Hz frequency are mostly important for the harmonic current control of the DFIG. In Fig. 4 , it can be found that, under the condition of K pr and ω c variation, the magnitude response would vary within an acceptable range of 30-50 dB so that the satisfactory ac signal tracking error can be ensured, and the phase response would remain unchanged of around leading 90
• which is favorable to the control of the DFIG as an inertia unit.
A. Steady-state Performance
According to Fig. 3 
Fig . 5 shows the closed-loop control bode diagram with the same parameters in Fig. 4 . As shown in Fig. 5(a) , with K pr = 1(K ir = 157) and ω c = 10, 15, and 20 rad/s, the magnitude response of G P s (s) and G Qs (s) at the dc and 300 Hz point is 0 dB, and the phase response at the dc and 300 Hz point is 0
• , which indicates that the actual stator active and reactive power would accurately follow the reference signal.
The closed-loop control bode diagram with K pr = 0.5, 0.75, 1.0(K ir = 78.5, 117.75, 157) and ω c = 15 rad/s is shown in Fig. 5(b) . The magnitude and phase response of G P s (s) and G Qs (s) at the frequency lower than 300 Hz would be different from the results in Fig. 5(a) , while the same magnitude and phase response will be achieved at the resonant frequency 300 Hz, which ensure the accurate tracking of both dc component and 300 Hz ac component with 0 dB magnitude response and 0
• phase response.
Therefore, it can be obtained that the closed-loop control steady-state performance of the proposed DPC strategy with the VPI regulator would be satisfactorily accurate regardless of the parameter K pr and ω c variation.
B. Dynamic Performance Analysis
It is also important to make comparison of dynamic response between the proposed DPC and traditional VOC for the DFIG control under the harmonic voltage. The dynamic performance with the proposed DPC strategy can be investigated based on the stator active and reactive power closed-loop control transfer function as shown in (23) . According to [13] , considering that the DFIG plant transfer function using the VOC strategy can be expressed identically as G p (s) in Fig. 3 , the major difference between DPC and VOC for the dynamic performance analysis would rely on the different DFIG plant transfer function when the same VPI regulator is adopted. Based on [13] , the rotor current closed-loop control transfer function with VOC can be expressed as following:
It can be seen that, in (23) and (24), the plant transfer function with DPC has one more item of G k than that with VOC, which is helpful to enlarge the magnitude gain and widen the control frequency spectrum range. 
The bode diagram of the closed-loop control transfer function with VOC and DPC strategy is given in Fig. 6 . Considering that the cut-off frequency should be with -3 dB magnitude response and larger cutoff frequency is helpful for the faster dynamic performance, the effective frequency spectrum with the VOC strategy would be 285 to 315 Hz as shown in Fig. 6(a) , while the effective frequency spectrum with the DPC strategy would be 20 to 5000 Hz. It also can be seen that the VPI parameter variation of k pr 0.5, 0.75, and 1.0 has negligible influence on the dynamic performance of both the VOC and DPC strategy. Similar conclusion can be drawn when considering the dc signal regulation in Fig. 6(b) . When VOC is adopted, −3 dB magnitude response would be obtained at the frequency of 0.16 Hz, and the corresponding cutoff frequency for DPC would be 430 Hz, which points out that the DPC would exhibit much faster dynamic response with the step change of stator output active and reactive power.
C. Rejection of Grid Voltage Distortion on the Stator Active and Reactive Power Steady-State Tracking Performance
According to the control scheme shown in Fig. 3 , when the grid voltage distortion is considered, the following equation can be deduced:
(25) After the mathematical derivation, (25) can be rewritten as
The stator active power reference P * s is usually constant, and the grid voltage d-axis U + sd contains the average fundamental component and fifth-/seventh-order harmonic components. Therefore, the constant stator active power reference P * s and grid voltage fundamental components can be removed from (26) , and the following equation can be deduced:
Then, the transfer function of grid voltage distorted component U + sd5−,7+ to stator active power P s can be given as Fig. 7 demonstrates the grid voltage distortion rejection capability of the proposed DPC strategy with the consideration of the stator active power steady-state tracking performance. Fig. 7(a) exhibits the similar result as Fig. 5(a) , i.e., when ω c varies as 10, 15, and 20 rad/s, the magnitude response at 300 Hz would change slightly as -59.7 dB, -62.2 dB, and -65.7 dB, all of which would be large enough to attenuate the grid voltage distorted component. Besides, the phase response would also remain unchanged while ω c varies.
As shown in Fig. 7(b) with K pr = 0.5, 0.75, 1.0(K ir = 78.5, 117.75, 157) and ω c = 15 rad/s, both the magnitude and phase response would change a little when the frequency is lower than 300 Hz. While at the 300 Hz frequency point, the magnitude and phase response would change slightly -56.2, -59.7, and -62.2 dB, which validates the satisfactory grid voltage distortion rejection capability on the stator active power tracking.
Similarly, when considering the rejection of grid voltage distortion on the stator reactive power steady-state tracking performance, the high attenuation around -60 dB would also be guaranteed, which would not be discussed in detail.
Thus, it can be concluded that the grid voltage distortion rejection capability of the proposed DPC strategy on the stator active and reactive power steady-state tracking performance would remain satisfactory regardless of the VPI regulator pa- 
rameter deviation, which results in the satisfactory stator active and reactive power accurate tracking performance.
D. Stability Consideration
It can be found in (23) and (28) that the denominators are the same which is always defined as characteristic equation of the closed-loop transfer function using the proposed DPC strategy. Thus, the transfer function used to verify the closedloop operation stability can be written as
The closed-loop control stability consideration under the proposed DPC strategy can be found from Fig. 8 . It can be seen in Fig. 8(a) that, the magnitude and phase response would remain almost same at the resonant frequency 300 Hz when ω c varies 10, 15, and 20 rad/s, the same results can be found in Fig. 8(b) when K pr varies 0.5, 0.75, and 1.0 as shown.
Therefore, it can be concluded that the stable closed-loop operation of the proposed DPC strategy using the VPI regulator would always be guaranteed with sufficient phase margin 
of around 90
• for the stable closed-loop operation under the distorted grid voltage.
E. Influence of Back EMF on the Steady-State Stator Active and Reactive Power Tracking Performances
As demonstrated in Fig. 3 , the back EMF in (17) can be considered as a disturbance to the closed-loop operation; thus, the transfer function of back EMF d-axis E + rd to the stator active power P s can be derived as
The back EMF d-axis component for the stator active power Fig. 9(a) , or attenuated to -36.0, -39.5, and -42.0 dB with K pr = 0.5, 0.75, and 1.0 in Fig. 9(b) respectively. Therefore, it can be verified that the existence of back EMF d-axis component as compensation items would have negligible influence on the stator active power tracking precision.
Similar conclusion concerning the influence of back EMF q-axis E + rq on the steady-state stator reactive power tracking performance can also be obtained, which would not be described in detail. 
IV. EXPERIMENTAL VALIDATION

A. Experimental Setup
An experimental system was built on a laboratory prototype of 1 kW DFIG system as shown in Fig. 10 , in which the DFIG is driven by a 1.5 kW squirrel cage induction machine as the wind turbine. The induction machine is driven by a general converter. The rotor side converter of DFIG is connected with a dc power supply. A controllable three-phase power grid is set up to simulate the practical harmonic power grid [28] . In the experiment, fifth-and seventh-order harmonic components are set to be 3.4% and 2.8% each, and the rotor speed is initially set to 800 rpm. The control strategy is implemented on the TI DSP TMS320F2812, and the driver for IGBT is SEMIKRON SKHI61. The sampling frequency is 10 kHz, and the IGBT switching frequency is 5 kHz. The waveforms are acquired by a YOKOGAWA DL750 scope recorder, the harmonic component analysis is done by FLUKE NORMA 5000 power analyzer. Parameters of the tested DFIG are listed in Table I .
The proposed DPC control strategy for DFIG system under the distorted grid voltage is shown in Fig. 11 . First, the grid voltage phase is obtained through phase lock loop (PLL) proposed in [13] , the rotor position and speed are achieved by the output of an encoder. The stator active and reactive powers can be calculated by sampling three-phase stator voltage and current. The stator active and reactive power control error, which is the input of the VPI regulator, can be calculated according to the actual signal and reference signal. The output of the VPI regulator, together with the compensation back electromagnetic force, would be sent to the SVPWM to generate the IGBT switching signals to fulfill the control target. The control target in this paper is chosen as smooth stator output active and reactive power. It can be seen from the proposed DPC control strategy scheme that no harmonic decomposition is required during the control process, therefore no negative influence on the control system stability and fast dynamic response would be produced.
However, it should be noted that the practical DFIG machine contains certain inevitable tooth harmonic, this would inevitably result in the nonsinusoidal air gap magnetic field and the corresponding stator and rotor harmonic current. Such nonsinusoidal components would always exist during the experiment, and it would help to better understand the proposed DPC strategy if these no-sinusoidal components are considered as the background harmonics.
B. Experimental Results
During the experiment process, the VPI regulator is applied with the resonant bandwidth ω c = 15 rad/s, the resonant parameter K pr , and K ir is chosen as 1 and 157 based on the rule of pole-zero cancellation [21] , [22] .
The DFIG experiment result under ideal power grid (which still contains 0.80% and 0.34% fifth and seventh harmonic components) is shown in Fig. 12 . The background harmonic components caused by the DFIG itself would results in the tiny nonsinusoidal components both in the stator and rotor currents, i.e., the fifth-and seventh-order harmonic component of the stator current is 2.13% and 0.54%, respectively. As a consequence, tiny stator active and reactive power 300 Hz pulsation would be produced, ±18 W and ±15 Var, due to the existence of nonsinusoidal stator current.
The experimental result under the distorted grid voltage with fifth-and seventh-order harmonic components set as 3.40% and 2.80%, respectively, is carried out and shown in Fig. 13 . The stator currents contain harmonic components of 7.52% 250 Hz and 3.69% 350 Hz due to the occurrence of the distorted grid voltage fifth and seventh harmonic components. Considering that the rotor speed is 800 rpm (0.8 p.u., equivalent to 40 Hz), the distorted air gap magnetic field containing 250 and 350 Hz harmonic component in the stationary frame would generate 290 (250 + 40 Hz, due to the negative rotation direction of fifth harmonic sequence and positive rotor rotation) and 310 Hz (350 -40 Hz, due to the positive rotation direction of 7th harmonic sequence and positive rotor rotation) rotor current harmonic component in the rotor position oriented frame. The 290 and 310 Hz components of rotor current can be regarded as the 29th and 31st-order harmonic component considering the rotor current fundamental frequency of 10 Hz. Corresponding rotor current harmonic components at 290 and 310 Hz are 4.52% and 2.38%, respectively. Most importantly, the stator active and reactive power 300 Hz pulsation would increase to ±88 W and ±85 Var, which is quite unfavorable and harmful to the normal operation of the power grid. The harmonic analysis result is available in Table II .
The experimental result of the proposed DPC strategy with the harmonic control target of eliminating the stator power pulsation can be observed from Fig. 14 , and the harmonic analysis result is also listed in Table II . In contrast to Fig. 13 , the stator active and reactive power pulsations are effectively restrained to ±20 W and ±14 Var due to the effective operation of the VPI regulator, which is close to the experiment result under the ideal power grid condition as shown in Fig. 12 . Besides, the stator current fifth-order harmonic component has been significantly restrained from 7.52% to 1.08%, and the seventh-order component increases from 3.69% to 4.73%. Moreover, the stator current THD has been reduced from 8.37% to 4.80%. Similar conclusion can be made when considering the rotor current harmonic components as shown in Table II . Fig. 15 shows the experiment result of the DFIG system transient performance at the moment of enabling the VPI regulator under the distorted grid voltage condition. It can be seen that, before the enabling moment, severe stator active and reactive power pulsations of ±88 W and ±85 Var, as well as severely distorted stator currents can be observed. Nevertheless, when the VPI regulator is enabled, the stator active and reactive power pulsation can be successfully restrained within about 40 ms to ±20 W and ±14 Var, respectively, and no impulse or instability response appears.
A stepping of stator active power reference from 300 to 500 W is used to test the DFIG system transient response under the distorted grid voltage condition with the VPI regulator, as illustrated in Fig. 16 . Before the stepping moment, the actual value of stator active power follows precisely to the reference signal, and there is almost no control error in the stator active power. When stator active power stepping happens and large control error emerges, the PI part of VPI can successfully minimize the control error and finally regulate the stator active power following the reference signal. During the transient process, the VPI regulator maintains effectiveness in regulating the 300 Hz ac signal, which verifies the independent working capability of PI part and the VPI regulator. Therefore, based on the experiment results shown in Figs. 15 and 16 , the fast dynamic response advantage of the proposed DPC strategy in terms of both dc and 300 Hz ac signals tracking has been validated. Fig. 17 shows the experimental result of the DFIG operation from the subsynchronous state to super-synchronous state with the VPI regulator under the distorted grid condition. During the process of rotor accelerating from 800 (0.8 p.u.) to 1200 rpm (1.2 p.u.), the proposed DPC strategy using the VPI regulator can achieve smooth rotor current changing, and the stator output active power remains constant during the whole process, the stator power control error also remains zero. This result verifies that DFIG using the DPC strategy with the VPI regulator can operate normally under both subsynchronous and supersynchronous state. 
V. CONCLUSION
The paper has presented a VPI-based DPC strategy for a wind turbine driven DFIG system under the harmonically distorted grid voltage. By applying the VPI regulator to suppress the power pulsation component, the proposed DPC strategy can successfully implement the smooth active and reactive power output of DFIG under the harmonic voltage. The steady power tracking precision and fast dynamic performance of the proposed DPC strategy are theoretically analyzed and proved experimentally.
The proposed DPC strategy also shows an excellent disturbance rejection ability and closed-loop operation stability. Experiment results have been carried out to validate the excellent dynamic and steady operation performance of the proposed DPC strategy.
